Animal development requires that positional information act on the genome to control cell fate and cell shape. The primary determinant of animal cell shape is the cytoskeleton and thus the mechanisms by which extracellular signals influence the cytoskeleton are crucial for morphogenesis. In the developing Drosophila compound eye, localized polymerization of actin functions to constrict the apical surface of epithelial cells, both at the morphogenetic furrow and later to maintain the coherence of the nascent ommatidia. As elsewhere, actin polymerization in the developing eye is regulated by ADF/cofilin ('Twinstar', or 'Tsr' in Drosophila), which is activated by Slingshot (Ssh), a cofilin phosphatase. Here we show that Ssh does act in the developing eye to limit actin polymerization in the assembling ommatidia, but not in the morphogenetic furrow. While Ssh does control cell shape, surprisingly there are no direct or immediate consequences for cell type. Ssh protein becomes apically concentrated in cells that express elevated levels of the Sevenless (Sev) receptor-tyrosine kinase (RTK), even those which receive no ligand. We interpret this as a non-signal driven, RTK-dependent localization of Ssh to allow for locally increased actin filament turnover. We suggest that there are two modes of actin remodeling in the developing eye: a non-RTK, non-Ssh mediated mechanism in the morphogenetic furrow, and an RTK and Ssh-dependent mode during ommatidial assembly. q
Introduction
The Drosophila compound eye develops from a monolayer columnar epithelium in the eye-antennal imaginal disc (Ready et al., 1976; Tomlinson, 1988; Wolff and Ready, 1993) . Disc cells are organized such that their lumenal surface is apical, and an apical membrane domain is delimited by an Adherens junction, with a tight junction just below it (Tepass et al., 2001 ). In the third larval instar a wave of patterning, known as the morphogenetic furrow, sweeps across the epithelium from posterior to anterior (Ready et al., 1976; Tomlinson, 1988; Wolff and Ready, 1993) . In the furrow there is greatly elevated actin polymerization, such that an apical cytoplasmic ring becomes constricted, and this 'purse-string' action converts the previously roughly cylindrical cells into cones, bending the epithelium to produce the furrow (Wolff and Ready, 1991a; Wolff and Ready, 1993) . This apical constriction can be seen in whole mounts viewed from above as reduced apical cell profiles in the furrow (Tomlinson and Ready, 1987b; Wolff and Ready, 1991a) .
Posterior to the furrow the cells of the precluster are specified as photoreceptor neurons, primarily through Epidermal growth factor receptor (Egfr)/Ras pathway signaling (Tomlinson, 1988; Wolff and Ready, 1993; Freeman, 1997; Frankfort and Mardon, 2002) . As this proceeds the apical surfaces of the precluster cells remain Mechanisms of Development 122 (2005) constricted, while the surrounding cells relax and this apical constriction may serve to concentrate the receptors for developmental signals (Ready et al., 1976; Tomlinson, 1988; Wolff and Ready, 1991b; Wolff and Ready, 1993) . In one case, that of the final photoreceptor (R7), the inductive signal depends not on Egfr, but a second RTK: Sev (Tomlinson and Ready, 1986; Banerjee et al., 1987; Hafen et al., 1987) . As mentioned above, the control of cell shape in the morphogenetic furrow and after depends in large part on the control of the polymerization state of actin (Wolff and Ready, 1991b) . Other process under similar regulation include oogenesis, hair and bristle formation, growth cone morphology, lamellipodial extension, and cytokinesis (Jacinto and Baum, 2003; Pollard and Borisy, 2003; Sarmiere and Bamburg, 2004) . Actin monomers (G-actin) exist in an equilibrium state with the polymerized form (F-actin, Sarmiere and Bamburg, 2004) . The forward reaction (G-to F-actin) requires the conversion of ADP to ATP on the actin monomer, which requires profilin (Gungabissoon and Bamburg, 2003) . The reverse reaction (the depolymerization and/or severing of actin filaments) depends on ADF (actin depolymerizing factor)/Cofilin. ADF/Cofilin is inactivated by phosphorylation on Serine 3 by LIM kinase, which is in turn regulated by signals including the Rho/Rac/Cdc42 GTPases (Gungabissoon and Bamburg, 2003) . The Drosophila homolog of Cofilin is encoded by the twinstar (tsr) gene (Gunsalus et al., 1995; Chen et al., 2001 ) and the fly homolog of profilin is encoded by the chickadee (chic) gene (Verheyen and Cooley, 1994) .
ADF/Cofilin is activated by dephosphorylation, which depends on the activity of a family of cofilin phosphatases. The first cofilin phosphatase to be characterized was the product of the Drosophila slingshot (ssh) gene (Niwa et al., 2002) . Hair and bristle formation in flies is an actindependent process, and the first ssh mutations came from screens for bristle phenotypes (Niwa et al., 2002) . The ssh bristles are bifurcated (hence the name). The Ssh protein has domains conserved in dual-specificity phosphatases such as the MAP kinase phosphatases (Camps et al., 2000) , however clones of cells lacking ssh have elevated F-actin and phosphorylated cofilin, in the developing eye and wing (Niwa et al., 2002) . In addition, Ssh protein can dephosphorylate Cofilin in vitro, but a phosphatase domain mutant cannot (Niwa et al., 2002) . Human homologs of Ssh include SSH1/SSH 1L, SSH 2L and SSH 3L, which have differing expression patterns and likely functions (Niwa et al., 2002; Endo et al., 2003; Kaji et al., 2003; Ohta et al., 2003) . SSH1 is regulated with cell-cycle in HeLa cells, consistent with a role in regulating actin during cytokinesis (Kaji et al., 2003) and SSH1 functions with other effectors of actin polymerization to regulate growth cone morphology (Endo et al., 2003) .
Given the molecular similarity of Ssh protein to MAP kinase phosphatases (Niwa et al., 2002) , we asked if Ssh has this activity in addition to the cofilin phosphatase and here we report that it does not. We do find that Ssh is expressed in the developing eye and that the protein is elevated in a pattern coincident with that of Sev: a high-level apical pattern during ommatidial assembly, but not in the furrow, where the highest levels of F-actin are found (Tomlinson et al., 1987) . We also report that ssh is required genetically to limit actin polymerization during ommatidial assembly, but consistent with the expression pattern, it does not have this role in the furrow. We show that despite the role of Ssh in controlling cell shape posterior to the furrow, cell-type specification is not strongly dependent on correct cell shape. Finally, we discuss the pattern of elevated apical Ssh expression in terms of a model for transient signaling during ommatidial assembly.
Results

Ssh does not have detectable MAP Kinase Phosphatase activity, in vivo or in vitro
Ssh functions as a Cofilin phosphatase, in Drosophila and other species, both in vivo and in vitro (Niwa et al., 2002; Endo et al., 2003; Ohta et al., 2003; Nagata-Ohashi et al., 2004; Sarmiere and Bamburg, 2004; Soosairajah et al., 2005) . It has also been suggested that other protein phosphatases act on cofilin, such as PP2A (Ambach et al., 2000; Samstag and Nebl, 2003) and PP2B (Meberg et al., 1998) , but these interactions are less well characterized. Ssh has phosphatase domains that are similar to those in the MAP kinase dual specificity phosphatases (DSPs, Niwa et al., 2002) . Indeed, when ssh was originally annotated by the Drosophila genome project it was named Mkph (MAP Kinase phosphatase). Other Drosophila MAP Kinase phosphatases have been reported, such as: MKP-3, Puckered, PTP-ER and PP-2A (Wassarman et al., 1996; Karim and Rubin, 1999; Kim et al., 2002; Silverstein et al., 2002; Kim et al., 2004) . However, these are not all specific to the Rolled MAP Kinase (Martin-Blanco et al., 1998; Berry and Gehring, 2000; Nowak et al., 2003; Sathyanarayanan et al., 2004) and/or they have only minor eye development phenotypes (compared to loss-of-function mutations in positive regulators like Ras), suggesting that they may have relatively minor roles as negative regulators of Rolled MAP Kinase signaling in the developing eye (Karim and Rubin, 1999; Rintelen et al., 2003; Kim et al., 2004) . Thus, it appears that there may be at least one more MAPK phosphatase with a major role in the developing eye and so we asked if Ssh might also have MAP kinase phosphatase activity in addition to its established cofilin regulatory function.
We used the Flp/FRT system (Xu and Rubin, 1993) to derive clones of ssh null cells in the developing compound eye (ssh [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , arrows in Fig. 1A-D) . These clones were negatively marked with GFP ( Fig. 1A and D) and were also stained for Ssh protein itself (Fig. 1B and D) and phosphorylated MAP Kinase (dpErk, Fig. 1C and D) . If Ssh were to function as a MAP Kinase phosphatase, then complete ssh loss-of-function might result in elevated levels of dpErk antigen. However, while we could detect normal dpErk expression (asterisk in Fig. 1C and D) we detect no elevated dpErk in the clones.
We also did a reciprocal test in vivo: we used the FLP/Gal4 system (Pignoni et al., 1997) to derive clones of eye-antennal disc cells in which both Ssh and a nuclear-GFP marker are co-expressed (arrows in Fig. 1E-H) . We successfully obtained clones that express nuclear-GFP ( Fig. 1E and H ) and which co-express high levels of Ssh ( Fig. 1F and H) . If Ssh were to function as a MAP Kinase phosphatase, then ssh gain-of-function might result in reduced levels of dpErk antigen. However, these cells appear to have normal levels of dpErk ( Fig. 1G and H) .
Finally, we replicated an in vitro biochemical assay that has been used to demonstrate MAP Kinase phosphatase 
GFP (E) and (H). (A)-(H) arrows show clones. Note loss of Ssh antigen in (B) and (D) but without gain of dpErk (C) and (D). Note gain of Ssh antigen in (F) and (H) without loss of dpErk in (G) and (H). (I)
Shows replicate protein gel-blots stained for dpErk and ERK antigens. dpErk protein was incubated in vitro with increasing amounts (volumes shown) of GST-Ssh or a known MAPK phosphatase (GST-HVH1, a positive control). These incubations were run with or without the phosphatase inhibitor Sodium Vanadate, as indicated. Note that the positive control (HVH1) shows phosphatase activity: it reduces the quantity of dpErk antigen, except when inhibited by Vanadate, while Ssh protein does not. activity for a DSP family member (Kim et al., 2002) . As a positive control we obtained an HVH1-GST fusion plasmid and expressed a human MAP Kinase phosphatase DSP (HVH1, Zheng and Guan, 1993) . We were able to show that the HVH1 protein can reduce the quantity of a commercially available dpErk antigen, added to an in vitro reaction (Fig. 1I , upper panels), while not detectably affecting the quantity of Erk antigen (Fig. 1I , lower panels). As previously published, this activity is inhibited by Sodium Vanadate (Zheng and Guan, 1993) . However, in the same assay, a Ssh-GST fusion protein shows no such activity (Fig. 1I ). Taken together, these negative data suggest that Ssh is not a MAP Kinase phosphatase.
Ssh antigen is concentrated and colocalizes with Sev in the apical domain of cells in the developing eye
We used a published anti-Ssh rabbit antiserum, raised against the 19 amino-acid 'domain B', to detect Ssh in the developing eye (see above, Fig. 1 , and Niwa et al., 2002) . As a Cofilin phosphatase, we expected Ssh antigen to be present in cells' cytoplasm. However, in the course of doing these experiments we observed an interesting pattern of Ssh antigen: a dynamic pattern of strongly elevated apical stain in small domains in each assembling ommatidium (white arrows in Fig. 2B and C). While this antiserum does detect Ssh, it might also detect other cross-reactive antigens, so we used ssh null mosaic clones to test if this pattern is genetically dependent on ssh. We negatively marked ssh clones with GFP ( Fig. 2A and C ) and find that this apical antigen is not evident in any plane of focus within these clones (arrows in Fig. 2A-C) , thus we conclude that the apical antigen is indeed Ssh protein. With this antibody, we also see a ubiquitous and weaker nuclear stain in all of the cells, but this is not lost in ssh null clones and we thus ascribe it to background staining.
The dynamic pattern of apical Ssh protein in the developing eye is very similar to that of the Sev RTK (Fig. 2D-I and Tomlinson et al., 1987) . While Sev is required only for the R7 cell, its function is critical at a stage when five cells are competent to become the R7, but only one is exposed to a tethered ligand Bride of sevenless (Boss) which is expressed on the R8 cell alone (Lawrence and Tomlinson, 1991) . Despite its requirement in only one cell, Sev is expressed in a dynamic and complex apical pattern, which includes all the cells except the first three (R8, 2 and 5). This pattern follows the temporal sequence of cell recruitment (Banerjee et al., 1987; Tomlinson et al., 1987; Tomlinson and Ready, 1987a) . This may reveal a transient competence state. At low magnification (Fig. 2D-F ) the apical Ssh and Sev antigens overlap, and at high magnification this is seen to be true at single-cell resolution (Fig. 2G-I ). The Sev expression pattern has been described in detail at the light and EM levels (Tomlinson et al., 1987) , and the figures observed have been correlated to specific cells: first R3 and R4 (the 'butterfly' at arrow in Fig. 2G-I ), then R1, 6 and 7 ('horseshoe' at arrowhead in Fig. 2G-I ) and later the cone cells ('ring' at asterisk in Fig. 2G-I) . We see Ssh following the same progression.
Ssh protein localization is regulated by two RTKs
The coincidence of Sev and Ssh expression lead us to ask what epistatic relationship might exist between ssh and sev, as well as Egfr (another RTK which also functions at this time). We find that while there are some morphological disturbances in ssh null clones, Sev antigen expression is only slightly affected (in position, but not quantity, Fig. 3A) . However, in a sev null homozygote (sev 14 also known as sev D2 ), the high-level apical Ssh antigen is very greatly reduced (arrow in Fig. 3B , compared to wild-type Fig. 2D ). We also probed eye disc protein extract gel blots for Ssh antigen and see no detectable change in Ssh quantity in sev nulls compared to wild-type (Fig. 3C) . Thus, we conclude that Ssh distribution, not quantity, is controlled by Sev. Also, Ssh is concentrated at the apical tips of all photoreceptors that express Sev, not just the R7 photoreceptor, which is the only photoreceptor, which responds to the Sev ligand Boss (Lawrence and Tomlinson, 1991) . Indeed, the cone cells localize Ssh with Sev even though they do not have any access to the Boss ligand, which is tethered to the R8 cell (Lawrence and Tomlinson, 1991) . Therefore, we can conclude that the Sev dependent Ssh localization occurs by a ligand independent mechanism.
We also derived Egfr loss-of-function clones using a temperature sensitive allele (Egfr tsla ) to overcome proliferation defects in earlier development (Xu and Rubin, 1993; Kumar et al., 1998) . These were induced early, but shifted to the non-permissive temperature prior to dissection. Ssh antigen is not affected by a short shift (2 h at the nonpermissive temperature, data not shown), but almost all of the Ssh antigen is lost after 24 h at the non-permissive temperature (arrow in Fig. 3D ). Thus, Ssh apical localization is genetically downstream of both sev and Egfr. These genetic data cannot alone provide support for any direct biochemical interaction between the Sev and Ssh protein or for their inclusion in a common multi-protein complex. However, taken together, the tight co-localization data (above) and this genetic epistasy suggest that there may be such a biochemical relationship.
2.4. ssh function is required to regulate actin polymerization and nuclear position during ommatidial assembly Ssh functions as an Cofilin phosphatase and cells lacking ssh function in mosaic clones have been reported to have elevated levels of F-actin, both in the developing eye and elsewhere (Niwa et al., 2002) . As we observe a regionally restricted expression of Ssh antigen in the developing eye we asked if the regulation of F-actin levels by ssh is likewise regionally specific.
We induced ssh null mosaic clones in the developing eye (as described above) and stained for F-actin with phalloidin. We clearly see F-actin elevated compared to wild type tissue in the same specimen, in the late phases of larval eye development, during ommatidial assembly (see black arrows, compared to non-mutant cells at white arrows, in Fig. 4A-C) . Note that normally there is a high level of F-actin at the constricted apical tips of the photoreceptor , same magnification, scale indicated in (A). Brightest stain shows homozygous wild-type twin spots, gray shows heterozygous cells and black shows homozygous ssh 1-11 (null) cells. Note that the apical Ssh antigen is restricted to specific domains (white arrows in (B) and (C)). Also note that the apical Ssh antigen is lost in the clone (black arrows in (A), (B) and (C)). cells (see arrowhead in Fig. 4B and Wolff and Ready, 1991a) . However, we do not see F-actin elevated in ssh clones located at the morphogenetic furrow, compared to wild type tissue in the same specimen (compare at white and black arrows in Fig. 4D-F) . This is consistent with the Ssh expression pattern described above and we conclude that Ssh does have a major role in regulating cell shape through actin in late larval eye development (ommatidial assembly), but not earlier (in the furrow). It is worth noting that the furrow has the highest level of F-actin in the developing eye.
Furthermore, we find that the distribution and quantity of F-actin is not detectably affected by sev mutations (data not shown). Thus, the loss of tight apical Ssh localization in sev mutants does not (fully) inactivate Ssh. Similarly, Egfr tsla mutants have altered F-actin in the furrow, but only after many hours, so the effect is likely to be indirect (Kumar et al., 1998) .
Are there phenotypic consequences for the overpolymerization of actin in ssh clones in the eye? We observe a loss of the normally tight organization of the Armadillo positive apical junctions ( Fig. 4G and H, Ahmed et al., 1998; Pellikka et al., 2002) . We also find that cell shape is affected: neural (Elav positive) nuclei, which are normally restricted to apical levels in the developing eye (white arrow in Fig. 4I ), lie in a more basal plane (lost from the asterisk in Fig. 4I and appearing basally, black arrow in Fig. 4J ).
2.5. Cell-type specific antigens are expressed in ssh null cells in the developing eye Does ssh loss of function affect cell fate in the developing eye? As described above, ssh null cells, while morphologically aberrant (low nuclei), do express the neural antigen Elav. We examined other cell-type specific markers: Senseless (Sens), which marks the R8 photoreceptor nuclei (see arrows in Fig. 5A and B, Frankfort et al., 2001) , Spalt Major (SalM), which marks R3 and 4 (and later other cells, see arrows in Fig. 5C and D,  Mollereau et al., 2001 ), BarH1, which marks the R1 and 6 photoreceptor nuclei (see arrows in Fig. 5E and F, Higashijima et al., 1992) and Cut, which marks the accessory cone cells (see arrows in Fig. 5G and H, Blochlinger et al., 1993) . In all of these cases at least some antigen positive cells are detectable in the ssh mutant territory, demonstrating that cell-type specification can proceed despite the excess F-actin. However, in all cases the regular pattern of cell-types is disrupted. 
Cell death in ssh null clones
In adult eyes containing ssh null clones we were unable to find any mutant cells remaining (data not shown). We thus concluded that at some time between the late third larval instar and the adult stage, cell death is likely to remove the ssh mutant tissue. We thus examined pupal eyes and find that by 48 h after pupariation the ssh mutant cells have collapsed into basal aggregates that are positive for the apoptosis marker activated Caspase 3 and are adjacent to the wild-type clone twin spots (arrows in Fig. 6 ).
Discussion
We have found that despite some sequence similarities between Drosophila Ssh and MAP Kinase phosphatases, we could detect no such activity, in vivo or in vitro. Consistent with the results of others, we do find that Ssh normally limits actin polymerization in the developing eye (Niwa et al., 2002) . However, we find that this activity is regionally specific: it is limited to the assembling ommatidia, and does not appear to function in the morphogenetic furrow, despite the intense regulation of F-actin there. Recently, a second, structurally unrelated cofilin phosphatase, chronophin (CIN) has been found in vertebrates (Gohla et al., 2005; Wiggan et al., 2005) . A CIN ortholog or some other cofilin phosphatase may control F-actin dynamics in the morphogenetic furrow.
We suggest that the colocalization of Sev and Ssh in later eye development may be functionally significant. It is interesting to note that the elevated apical deposits of Ssh antigen are seen at a time and place where elevated Sev expression is known to be occurring and also where there is elevated F-actin. In other systems, Ssh has been found to be associated with multi-protein complexes that include signaling receptors or scaffolds. Stimulation of human cells with neuregulin-1beta (an Egfr ligand), triggers lamellipodium formation, results in the dephosphorylation of Ssh, its release from the scaffolding protein 14-3-3 and its translocation to the F-actin rich lamellipodium (NagataOhashi et al., 2004) . LIM Kinase is also activated by neuregulin-1beta and SSH1L, LIMK, actin and 14-3-3 can form a multiprotein complex in vivo (Nagata-Ohashi et al., 2004; Soosairajah et al., 2005) . Therefore, it has been suggested that the local activation of SSH1L and LIM Kinase may be coordinately regulated as part of a complex, increasing cofilin-dependent actin filament turnover in areas of intense actin remodeling such as lamellipodia (Nagata-Ohashi et al., 2004; Wiggan et al., 2005) . Also, in cultured rat mammary adenocarcinoma cells engineered to overexpress the RTK EGFR, the application of liganded beads elicits locally elevated actin polymerization, with locally elevated cofilin (Kempiak et al., 2003) .
Thus, in the developing eye, local and transiently elevated RTK levels may lead, over a period of hours, to the stabilization of apical actin through the recruitment of cofilin and the molecules that regulate it, such as Ssh. Thus, the coincident Sev and Ssh apical pattern may represent a transient state of elevated RTK expression, which then serves to elicit the apical constrictions that regulate the Armadillo-positive junctional structures, which then stabilize the ommatidial cell clusters. Later in life, this apical constriction is remodeled to form the light sensing rhabdomere: the site of opsin function (Longley and Ready, 1995) . We further suggest that this concentration of Ssh must remain localized to the apical tip of the cell, otherwise (as in our mutant clones), the polymerization of actin over-runs and the differentiation and ultimately the viability of the cell is affected. Thus the local, limited, but long-lasting concentration of Ssh at the tips of developing photoreceptor cells in response to RTK levels may serve to stabilize the ommatidial cell cluster. Thus, while we have no direct biochemical evidence, the tight apical co-localization of Sev and Ssh is consistent with a direct interaction between Ssh and a with a complex that includes RTKs.
Experimental procedures
4.1. Drosophila stocks and mosaic analysis ssh loss-of-function (null) mosaic clones flies were made using the FLP/FRT system (Xu and Rubin, 1993) : w 1118 P(ry C , hsFLP)1; P(ry C ; hs-neo; FRT)82B ssh 1-11 /TM6C Tb Sb crossed to w 1118 P(ry C , hsFLP)1; P(ry C ; hs-neo; FRT)82B P(w CmC ZUbi-GFP)83. ssh ectopic expression, gain-of-function clones were made using FLP/GAL4 (Pignoni et al., 1997) : y 1 w P(w CmC ZGAL4-Act 5C(FRT.CD2).P)D; P(UAS-ssh.N)/TM6 C Tb Sb crossed to w 1118 P(ry C , hsFLP)1; P(UAS-GFP.nls)14/CyO. Eggs collected for 48 h, FLP recombinase induced at 37 8C for 30 min, 48 h after the collection period. ssh 1-11 and P(UASssh.N) gift of T. Uemura (Niwa et al., 2002 
Antibodies and immunohistochemistry
Third instar eye imaginal discs were prepared as previously described (Tomlinson and Ready, 1987b) . Pupal eyes were prepared at 48 h after puparium formation, as previously described (Cagan and Ready, 1989) . Primary antibodies: rabbit anti-Ssh, used at 1:200, gift of T. Uemura (Niwa et al., 2002) , mouse monoclonal anti-Sev: 36D7F12, used at 1:10,000, gift of Michael Simon (Tomlinson et al., 1987) , rabbit anti-SalM, used at 1:5 gift of R. Schuh (Kuhnlein et al., 1994) , rabbit anti-BarH1, used at 1:10, gift of K. Saigo (Higashijima et al., 1992) , mouse monoclonal anti-dpErk at 1:400 (Sigma M-8159), mouse monoclonal anti-cut: '2B10', used at 1:10 (Developmental Studies Hybridoma Bank), guinea pig anti-Sens, used at 1:1000, gift of G. Mardon (Nolo et al., 2000) , rat monoclonal anti-Elav: '7E8A10', used at 1:1000 from the Developmental Studies Hybridoma Bank (Bier et al., 1988) , rabbit anti-Caspase 3, used at 1:200 (BD Pharmingen, catalog number 551150), mouse anti-Arm (1:10, DSHB N2 7A1, Riggleman et al., 1990) . F-actin was visualized by staining with Rhodamine conjugated phalloidin 1:100 (Molecular Probes Catalog #:R-415). Secondary Antibodies (all from Jackson ImmunoResearch): goat anti-rabbit TRITC at 1:250 (catalogue number 111-025-003), goat anti-rat Cy5 at 1:200 (catalogue number 112-175-003), goat anti-mouse Cy5 at 1:500 (catalogue number 115-175-003), goat anti-guinea-pig TRITC at 1:150 (catalogue number 106-025-003). Preparations were mounted in Vectashield (Vector Labs, H-1000) and visualized by laser-scanning confocal microscopy (Zeiss LSM 510) and images were processed with Adobe Photoshop.
Molecular biology and phosphatase assays
The 3135 bp coding region of ssh was amplified by PCR from a cDNA clone in pBS (gift of T. Uemura, Niwa et al., 2002) with Sac1 and Xba1 ends. The Sac1/Xba1 fragment was ligated into those sites in pGEX-KG. pGEX-KG and pGEX-HVH1 were gifts of K. Guan (Zheng and Guan, 1993) . Proteins were prepared from E. coli BL-21 Gold (Stratagene), induced with 0.4 mM IPTG, and expressed for 2 h at 37 8C. Cells were pelleted, resuspended in NETN (20 mM Tris pH8, 1 mM EDTA, 100 mM NaCl, 0.5% NP-40) and lysed by French Press. GST-fusion proteins were purified using a glutathione affinity column. The lysate was bound for 1 h at 48 to glutathione sepharose beads (Amersham Biosciences, 17-0756-01) and eluted with 40 mM glutathione (Guan and Dixon, 1991) . We confirmed the GST-Ssh construct by DNA sequencing of the junctions and we also showed by Western blot that the fusion protein is of the predicted length (GSTCSsh) and that thrombin cleaves the two apart probing with anti-Ssh and anti-GST antibodies. Varying amounts of GST-Ssh (0.42 mg/ml) and GST-HVH1(0.31 mg/ml) fusion proteins and 5 ng of dually phosphorylated MAP Kinase substrate (Sigma M-3172) were incubated together for 30 min at 30 8C in phosphatase buffer (50 mM imidazole, pH 7.5, and 5 mM dithiothreitol) in the presence or absence of Sodium vanadate (1 mM, Zheng and Guan, 1993; Kim et al., 2002) . 12.5 ml of a 50 ml reaction run on replicate 12% SDS-PAGE gels. Protein was transferred onto Immobilon PVDF membrane (Millipore catalog number: IPVH00010, as described by Towbin et al., 1979) and probed with monoclonal anti-dpErk at 1:5000 (Sigma M-8159) and then probed with HRP conjugated Goat anti-Mouse IgG (Becton-Dickinson) at 1:50,000. Membranes were blocked in 1!PBS, 0.1% Tween-20 and 10% non-fat dry milk, and washed in 1!PBS with 0.1% Tween-20. Antibodies were incubated 1 h at room temperature in blocking solution. Blots were visualized using SuperSignal West Femto Maximum Sensitivity Substrate (Pierce Catalog #34096).
Ssh immunoblots
Lysate prepared from two pairs each, eye imaginal discs, wild-type and sev 14 , in loading buffer (2% SDS, 10% glycerol, 50 mM Tris pH6.8, 50 mM DTT, 0.01% Bromophenol Blue). Immunoblots as previously described above. Primary antibodies: rat anti-Ssh (Niwa et al., 2002) , 1:50,000 and goat anti-tubulin (Santa Cruz BioTechnology) at 1:2000. Secondary Antibodies: Goat anti-Rabbit-HRP (Becton-Dickinson) at 1:50,000 and Rabbit anti-Goat-HRP (Zymed) at 1:50,000.
